The Sr x Ba 1−x TiO 3 : Eu 3+ , Gd 3+ phosphors are synthesized by high temperature solid-phase method. Multiple techniques including X-ray diffraction (XRD), and scanning electron microscopy (SEM) are used to examine the surface morphology and structural properties of Sr x Ba 1−x TiO 3 : Eu 3+ , Gd 3+ phosphors. The optical properties are presented and discussed in terms of photoluminescence (PL) and photoluminescence excitation (PLE) spectra. The as-obtained Sr x Ba 1−x TiO 3 : Eu 3+ , Gd 3+ phosphors show higher PL emission intensity (at 591, 611 nm). The peaks at 591 and 611 nm are attributed to Eu
Introduction
White light-emitting diode (WLED) has been developed rapidly over the past decade, since its advanced properties such as long life time, high efficiency, and being environmentally friendly without use of mercury [1, 2] . Currently, there are three main methods for WLED technology: blue chip and yellow phosphor approach; tricolor LED chip direct mixing method; ultraviolet conversion method [3, 4] . Generally, white LEDs are composed of a blue LED chip GaN and yellow phosphor such as Y 3 Al 5 O 12 : Ce 3+ . This system has a low color rendering index because of its deficiency in the red region of the visible spectrum [5, 6] . The other approach to overcome this drawback is to add a red-emitting phosphor to compensate the deficiency [7] [8] [9] [10] .
Titanate system has excellent properties such as very good physical and chemical stability, its stability in epoxy resin or other silicone encapsulating materials; meanwhile rich resources of titanium lead to the clear price advantage compared with other molybdates and tungstate. It provides favorable conditions for the development of rare earth titanate functional materials. Partial titanate MTiO 3 (M is generally alkaline earth metal or alkali metal and rare earth ion composition) basic phosphor is perovskite compound [11] , which is the stoichiometric chemical formula ABO 3 . Typically, a cation ionic radius is larger, mainly Ca, Sr, Ba, and alkaline earth metal ions Na, Ce; B ion radius is smaller mainly Ti, Nb, and so forth [12, 13] . Perovskite structure is mainly composed of B site cations and oxygen ions consisting of [BO 6 ]. Figure 1 shows the crystal structure of MTiO 3 . Partial titanate is a face-centered cubic which close-packed with cation of larger radius and O 2− . The transition metal In this study, the Sr x Ba 1−x TiO 3 : Eu 3+ , Gd 3+ phosphors are synthesized by high temperature solid-phase method, with Eu 3+ as activator and Gd 3+ as sensitizer. The CRI (Color Rendering Index) of the material is improved by adding some Ba. Compared with the traditional YAG: Ce in the missing part of red light, the light of this phosphor is more pure on yellow which solved YAG: Ce partial yellow-green issues. YAG: Ce main emission peak located at 560 nm which belongs to yellow-green band. The optimum excitation wavelength of this phosphor locates at 466 nm position which accords with the excitation wavelength of blue chip. Adjusting the ratio of blue and yellow light can get more pure white light, and the Sr x Ba 1−x TiO 3 : Eu 3+ , Gd 3+ phosphor is expected to be widely used in the WLED field [18, 19] . . The stoichiometric amount of starting materials was weighed out and then mixed and milled thoroughly for 1 h in an agate mortar. Afterwards, the mixtures were transferred into corundum crucibles and prefired at 500 ∘ C for 1 h in a furnace. After cooling down naturally to room temperature, they were ground again for 30 min and finally calcined at 1100 ∘ C for 3 h in furnace. 
Materials and Methods

Materials Preparation.
Analysis Methods.
The structures of the phosphor were established by X-ray diffractometer (XRD) (Shimadzu, XRD-6000, Cu Ka target) and the morphology of the particles was observed by field emission scanning electron microscope (FE-SEM) (Sirion 200, Philip). The photoluminescence properties of the phosphors were studied on fluorescence spectrophotometer (Shimadzu, model RF-5301 PC).
Result and Discussion
Structural Analysis.
Structurally, SrTiO 3 crystallizes in a cubic structure, space group Pm-3m (no. 227), with a lattice parameter a = 3.905Å. Figure 2 [20] . There are only tiny TiO 2 impurity phases seen at 28-32 degrees which does not have apparent effect on the performance and can be ignored. Figure 3 shows the SEM images of SrTiO 3 : Eu 3+ , Gd 3+ calcined at 1100 ∘ C for 3 h. From the sample global views and local features in Figure 3 , we can see that the morphology of material is close to the sphere, with good homogeneity and smooth surface, and its size is about 0.25 m. In the LED material encapsulation process, morphology of the fluorescent powder has a greater impact on luminescent properties. It is generally believed that when the morphology of material is nearly sphere and up to the grade of close packing, we can improve the luminous intensity per unit volume [21] . In the experiment, the prepared samples can reach such requirements. Figure 4 presents the excitation and emission spectra of the Sr x Ba 1−x TiO 3 : Eu 3+ , center is changing. As Eu 3+ concentration increases, the emission intensity increased with the adding of emission center, especially particular evident of 5 D 0 -7 F 1 transition. However, when the doping concentration is increased and the distance of luminescent center is decreasing, nonradiative energy transfer between luminescent centers has become increasingly evident, result of concentration quenching [23, 24] , thereby reducing the emission intensity. Figure 5(a) shows the emission spectra of different concentrations of Eu 3+ doping. The insets in Figure 5 (a) are the change of intensity with the concentrations of Eu 3+ . The spectra indicate that the optimum doping concentration is 5% corresponding to the strongest emission intensity. Figure 5 (b) presents the emission spectra of different Gd 3+ doping amount and the intensity trend. It can be seen that under 466 nm excited, all characteristic peaks in emission spectra are attributed to Eu 3+ , and the strongest peak locates at 611 nm. Compared to the single doped Eu 3+ , the enhancement on 5 D 0 -7 F 2 is significantly higher than 5 D 0 -7 F 1 , which is due to the addition of the symmetry of Gd 3+ in crystal structure. With the changing of concentration, the luminous intensity was reduced after the first enhancement process. Since the concentration increases to a certain value, interaction between the dopant ions within the host lattice, the energy released in the form of heat and energy passed to the luminous center of Eu 3+ reduction, resulting in nonradiative transitions greater than radiative transitions, reducing the emission intensity of the product [25] . From Figure 5 (b) it can be found that the optimum doping concentration is 3% corresponding to the strongest emission intensity. Figure 6 [26] [27] [28] .
Morphology Analysis.
Luminescent Properties Analysis.
Impact of Alkaline Earth Metal Doping.
Crystal structure of the matrix material has a huge impact on luminescent properties. The experiment adding some Ba 2+ to substitute Sr 2+ is made to study its impact on the phase. Figure 7 shows the Sr x Ba 1−x TiO 3 : Eu 3+ (Sr : Ba = 1 : 0, 4 : 1, 3 : 2, 2 : 3, 1 : 4) XRD patterns and the standard BaTiO 3 (75-2120) and SrTiO 3 (74-1296) comparison chart. As can be seen, with the change in amount of Ba 2+ added, the diffraction peak intensity was changed. Since Ba 2+ (1.35Å) and Sr 2+ (1.18Å) atomic radius have some differences, the substitution of Sr will produce changes in the crystal structure, and the corresponding XRD patterns are inevitably changing. With the increasing of proportion of Ba 2+ , the original representative SrTiO 3 diffraction peak becomes low, and there were many miscellaneous peaks. When Sr 2+ : Ba 2+ were 2 : 3 and 3 : 2, the two phases of BaTiO 3 and SrTiO 3 coexist. When Ba 2+ : Sr 2+ = 4 : 1, some low peaks again become acute. It can be found through XRD pattern that with the changing of doping percentage XRD patterns are in good agreement with BaTiO 3 (75-2120), indicating that the majority of Ba 2+ replaces the sites of Sr 2+ ; the situation becomes crystal structure of BaTiO 3 structure majority [29, 30] .
The emission spectrum of Sr x Ba 1−x TiO 3 : Eu 3+ , Gd 3+ is shown in Figure 8 . From the figure we can see that the peaks which located at 591 and 611 nm did not change dramatically with the different proportions of Sr 2+ and Ba 2+ ; with the increasing of Ba, the luminescent intensity of phosphor powder shows a downward trend after the first rising. Since the different radii of Sr 2+ (1.18Å) and Ba 2+ (1.35Å), the incorporation of Ba 2+ not only affects the lattice constant but also affects the symmetry of the crystal structure, thereby reducing the crystal field strength. With Ba 2+ ions being incorporated, the outermost d-orbital is affected by the crystal field greatly; when Ba 2+ incorporation amount exceeds a certain limit, the performance of the spectral emission is Journal of Nanomaterials 5 intensely reduced. When the proportion of Sr 2+ and Ba 2+ is 4 : 1 the luminous intensity increased, from which we can see that a certain amount of Ba 2+ is contributed to the intensity of light emission [31, 32] .
The spectra at 591 nm and 611 nm were observed; we can found that the two corresponding relative strengths have some changes. Gd 3+ did not change the crystal structures but influence on the crystallinity. However after doping with Ba 2+ , the crystal symmetry and ionic environment are changed; thus the spectral intensity and the spectral structure are transformed. By changing the proportion of the magnetic dipole transitions and electrical dipole transitions controllable switched the spectral structure of the optimum ratio of Sr 2+ and Ba 2+ is 4 : 1. According to the configuration coordinates, with blue chips, the sample can be well applied to WLED.
